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Abstract. We present small scale variations of electron num-
ber densities and particle charge number densities measured
in situ in the presence of polar mesosphere summer echoes.
It turns out that the small scale ﬂuctuations of electrons and
negatively charged particles show a strong anticorrelation
down to the smallest scales observed. Comparing these small
scale structures with the simultaneously measured radar sig-
nal to noise proﬁle, we ﬁnd that the radar proﬁle is well de-
scribed by the power spectral density of both electrons and
charged particles at the radar half wavelength (=the Bragg
scale). Finally, we consider the shape of the power spectra of
the observed plasma ﬂuctuations and ﬁnd that both charged
particles and electrons show spectra that can be explained
in terms of either neutral air turbulence acting on the distri-
bution of a low diffusivity tracer or the fossil remnants of a
formerly active turbulent region. All these results are con-
sistent with the theoretical ideas by Rapp and L¨ ubken (2003)
suggesting that PMSE can be explained by a combination
of active and fossil neutral air turbulence acting on the large
and heavy charged aerosol particles which are subsequently
mirrored in the electron number density distribution that be-
comes visible to a VHF radar when small scale ﬂuctuations
are present.
1 Introduction
Polar mesosphere summer echoes (PMSE) are very strong
radar echoes from around the summer polar mesopause and
were ﬁrst observed in the VHF wavelength range (typical
wavelength λ=6 m) about two decades ago (Ecklund and
Balsley, 1981). At mesopause heights, radar waves are scat-
tered due to irregularities in the electron number density at
the Bragg scale (=λ/2 for monostatic radars). The under-
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standing of the physical processes leading to the formation of
such small scale structures in the electron gas has turned out
to be a longstanding open question. First ideas that the elec-
tron number density structures are directly related to neutral
air turbulence were soon discarded since it turned out that
under typical conditions in the mesopause region a length
scale of 3 m is far in the viscous subrange, where any struc-
tures are efﬁciently destroyed by molecular diffusion (e.g.
L¨ ubken et al., 2002). The ﬁrst breaktrough in the under-
standing of PMSE was achieved by Kelley et al. (1987) who
proposed that the electrons at the polar summer mesopause
are low diffusivity tracers due to the presence of large and
heavy positive ions such as water cluster ions. If the tracer
diffusivity is signiﬁcantly smaller than the viscosity of air,
the ﬂuctuations in the tracer ﬁeld can extend to much smaller
scales than in the neutral gas (Batchelor, 1959). This pic-
ture was then reﬁned by Cho et al. (1992) who proposed that
the diffusivity reduction should rather be a consequence of
the presence of charged ice particles which were known to
exist at PMSE altitudes from lidar observations of noctilu-
cent clouds (e.g. von Zahn and Bremer, 1999). The main
result of Cho et al.’s theory was that the electron diffusiv-
ity should reduce to the diffusivity of the aerosol particles
(which can be orders of magnitude less than positive ion dif-
fusivity due to the large aerosol particle mass) provided that
the mesospheric charge balance is dominated by the charge
concentration of the heavy particles. Signiﬁcant support to
this idea came from observations of deep electron depletions
at PMSE altitues (e.g. Ulwick et al., 1988). However, in re-
cent years two experimental facts provided strong evidence
against some parts of this theory: ﬁrst, in situ measurements
of neutral air turbulence in PMSE showed that neutral air
turbulence regularly existed only in the upper altitude range
with PMSE (L¨ ubken et al., 2002). Secondly, in situ measure-
ments of plasma parameters of the PMSE environment like
number densities of electrons, positive ions and charged par-
ticles showed that in the majority of cases the charge residing
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on the particles is signiﬁcantly less than the free electron
number density (Havnes et al., 2001; Blix et al., 2003) con-
trary to the predictions of the Cho et al. (1992)-theory.
Recently, Rapp and L¨ ubken (2003) proposed a possible
solution for these two dilemmas: they reconsidered the ques-
tion of electron diffusion in the vicinity of charged aerosol
particles and found that in principle each perturbation of
the negatively (positively) charged aerosol number density
should also be reﬂected in anticorrelated (correlated) per-
turbations of the electron number density, independently of
the actual ratio between charged particle number density and
electron number density. Rapp and L¨ ubken (2003) further
showed that the lifetime of such electron perturbations is pro-
portional to the square of the particle radius. Hence, ﬂuc-
tuations in the aerosol and electron density proﬁles which
have initially been created by neutral air turbulence have the
chance to prevail for periods of up to hours after the turbulent
event has ceased. Such remnants of former turbulent activity
are commonly termed “fossil”-turbulent structures (e.g. Cho
et al., 1996).
In this paper we test these ideas by investigating the small
scale structure of electron and particle charge number density
observed in situ in the presence of PMSE. After a short de-
scription of the experiments and the general structure of the
charged species observed in the PMSE altitude range we in-
vestigate in detail the degree of correlation between the small
scale structures of electron and charged particle number den-
sities and its relation to the actually observed radar scatter
strength. Then we consider the shape of observed power
spectra and we discuss these observations in the light of the
new theory by Rapp and L¨ ubken (2003). Finally, we close
with a summary and recommendations for further work on
this subject.
2 Experimental technique
The observations described in the current paper were ob-
tained during sounding rocket ﬂight ECT02 which was
launched on 28 July 1994 at 22:39 UT. This rocket launch
took place in the scope of the ECHO-campaign during which
radar and lidar echoes from the polar summer mesopause re-
gion were studied with the ALOMAR-SOUSY VHF-radar
(Bremer et al., 1996), with the ALOMAR and University of
Bonn lidar (L¨ ubken et al., 1996), and with sounding rockets.
The principal setup of the rocket payload is sketched in
Fig. 1. Main instruments onboard the payload were a parti-
cle detector, named DUSTY, mounted on the top of the pay-
load (provided by the University of Tromsø) and the com-
bined sensor for neutrals and electrons, CONE, mounted in
the rear of the payload (provided by the University of Bonn,
Germany, and the Norwegian Defense Research Establish-
ment). Note that all measurements presented in this study
were obtained on the ascent part of the rocket trajectory since
Fig. 1. Schematic of the rocket payload launched during ﬂight
ECT02. For a more detailed description of the instruments see the
text.
the DUSTY particle detector needs to be in the ram position
in order to detect particles.
The DUSTY instrument basically consists of a sensitive
electrometer at the bottom of a bucket-like structure which
is designed to measure both negative and positive currents
due to charge resting on impacting aerosol particles. The pri-
mary measured quantity of the DUSTY experiment is hence
a current which is proportional to NAZA, i.e. the number
density of heavy charged particles times the average charge
of these particles. Using probe theory (e.g. Sagalyn et al.,
1963; Smiddy and Stuart, 1969) the measured currents are
converted to charge number densities of aerosol particles.
For more details on the DUSTY instrument see the papers
by Havnes et al. (1996a) and Havnes et al. (1996b).
The CONE-sensor is a combination of an ionization gauge
for the measurement of neutral densities and a ﬁxed biased
Langmuir probe (bias potential +6 V) for the measurement
of electron number densities. More details on the CONE in-
strument can be found in Giebeler et al. (1993) and Rapp
et al. (2001). In this paper we focus on the electron measure-
ments from the ﬁxed biased Langmuir probe. As in the case
of the DUSTY instrument, measured currents are converted
to electron number densities applying standard probe theory
(e.g. Sagalyn et al., 1963; Smiddy and Stuart, 1969).
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Fig. 2. Left panel: Proﬁle of the radar signal to noise ratio (SNR) measured with the ALOMAR-SOUSY VHF radar during sounding rocket
ﬂight ECT02. Right panel: proﬁles of electron number densities (black line) and aerosol charge number densities (red line) measured during
sounding rocket ﬂight ECT02. These data are reproduced from Havnes et al. (1996b) and L¨ ubken et al. (1998), copyright by the American
Geophysical Union.
3 Observations
3.1 General structure of observed plasma proﬁles
In this section we start with a short summary of the main
observed features during this rocket ﬂight presented earlier
(Havnes et al., 1996b,a; L¨ ubken et al., 1998). In Fig. 2
we present measured proﬁles of electron number densities
and charge number densities of heavy particles as well as
the radar signal to noise ratio obtained by the ALOMAR-
SOUSY VHF radar at the time of the rocket observations. As
is evident from this ﬁgure, the DUSTY instrument observed
negatively charged particles in the entire altitude range be-
tween 83 and 89 km. The most remarkable features are
two distinct layers of negatively charged particles centered
at ∼88 km and ∼85.5 km, respectively. At exactly the same
altitudes, the electron number density proﬁle measured by
the CONE sensor showed two deep depletions, which is
strong evidence that the aerosol particles become charged
due to electron capture from the ambient D-region plasma
(e.g. Rapp and L¨ ubken, 2001).
3.2 Small scale plasma variations
Now we continue with a closer inspection of the small
scale structures of the measured plasma density proﬁles. As
pointed out in the introduction, the new PMSE theory by
Rapp and L¨ ubken (2003) predicts an anticorrelation of elec-
tronsandnegatively charged particles (see alsoLie-Svendsen
et al., 2003).
In Fig. 3 we show two short time series of electron
and charged particle ﬂuctuations sampled at a frequency
of 1250 Hz from altitudes of ∼88 km and ∼86.7 km, re-
spectively. The ﬂuctuations have been obtained from the
measurements shown in Fig. 2 by subtracting a background
proﬁle that was determined by a 3rd-order polynomial ﬁt.
Next, we have determined the cross-correlation of the ob-
served ﬂuctuations (shown in the lower two panels of Fig. 3).
The cross-correlation determines the correlation coefﬁcient
of two time series for a given lag time between the two data
sets. The cross-correlation analysis shows a maximum (neg-
ative) correlation at a lag time of 2.5 ms. 2.5 ms is exactly
the time period between the measurement of the DUSTY in-
srument and the CONE instrument at exactly the same place
since the two instruments are separated by 2.5 m (=the pay-
load length, see Fig. 1) and the rocket is moving at a speed
of ∼1000 m/s at these altitudes (see also Blix and Thrane,
1993). This proves that the ﬂuctuations have not been artiﬁ-
cially created by for example aerodynamic effects due to the
supersonic motion of the rocket (e.g. Gumbel, 2001) or by
payload charging effects (e.g. Holzworth et al., 2001) since
such disturbances would need to occur at zero lag time.
Note also that the two instruments do not necessarily ob-
serve small scale irregularities in the entire altitude range
with charged particles present. In Fig. 4a we show small
scale variations of electrons and charged particles at altitudes
www.atmos-chem-phys.org/acp/3/1399/ Atmos. Chem. Phys., 3, 1399–1407, 20031402 M. Rapp et al.: Small scale plasma variations in PMSE
Fig. 3. Panels (a) and (b): Perturbations of electron (black line) and particle charge number densities (red line) during two selected time
intervals. Panels (c) and (d): cross-correlation coefﬁcients as a function of the time lag between electron and charged particle data for the
data sets shown in Panel a and b, respectively.
between 84.6 km and 84.77 km. At these altitudes, the back-
ground particle charge number density is ∼1000/cm3 but ev-
idently almost no small scale variations are observed. Conse-
quently, the cross-correlation analysis does not show any sig-
niﬁcant correlation of the considered data sets (see Fig. 4c).
Finally, we note one interesting feature of the discussed
data set: at the lowermost altitudes with charged particles
present, the small scale variations of charged particles and
electrons indeed depart from the otherwise prevailing anti-
correlation (see Figs. 4b, d). Here, in fact a strong positive
correlation – again at a lag time corresponding to the rocket
length – is observed. A possible explanation of such a fea-
ture was recently presented in the theoretical study by Lie-
Svendsen et al. (2003) who proposed that a positive correla-
tion could either occur in the presence of evaporating parti-
cles or in the presence of large and hence quickly sediment-
ing particles. A detailed analysis of this data set is currently
conducted and will be presented in the near future.
4 Comparison of radar and in situ measurements
In this section we now consider the relation between the
small scale plasma structures presented above and the ob-
served radar signal. We follow Røyrvik and Smith (1984)
who derived a relation between radar reﬂectivity and the
power spectral densities of measured electron number den-
sity ﬂuctuations at the radar Bragg scale. Essentially, the
radar reﬂectivity η is proportional to the power spectral den-
sity (PSD) of the absolute electron number density ﬂuctua-
tions at the radar half wavelength, i.e.,
η ∝ ˜ ηe = PSD(1Ne,λ/2), (1)
where 1Ne is a small scale random ﬂuctuation on top of a
smooth background proﬁle . Since theory (Rapp and L¨ ubken,
2003) predicts that 1Ne ∝ 1ZANA where 1ZANA is a per-
turbation of the aerosol charge number density, η should also
be proportional to
˜ ηA = PSD(1ZANA,λ/2). (2)
In Fig. 5 we present a comparison of the radar signal to noise
ratio measured during the sounding rocket ﬂight with two
proﬁles of ˜ ηe and ˜ ηA, respectively. Power spectral densities
of electron and charged aerosol number density ﬂuctuations
have been derived from data segments of 300 m in altitude
obtained at a sampling frequency of 1250 Hz and a rocket
velocity of vR ∼1000 m/s. It turns out that the proﬁles of
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Fig. 4. Same as for Fig. 3 but for different time intervals.
˜ ηe and ˜ ηA both resemble the actually measured radar signal
very well. In general, both aerosol and electron ﬂuctuations
show the same behaviour, only at altitudes between 85 and
86 km we ﬁnd that the derived signal due to electrons is
zero whereas the signal due to ﬂuctuations of charged par-
ticles qualitatively agrees with the actually observed radar
signal. The reason for this discrepancy can be understood if
we look at the altitude proﬁles of charged particles and elec-
trons shown in Fig. 2. Between 85 and 86 km, the aerosol
charge number density is maximum thereby leading to an al-
most complete biteout in the electron number density since
the aerosol particles become charged due to the capture of
electrons from the background atmosphere (e.g. Rapp and
L¨ ubken, 2001).
In this context, the natural question arises why we observe
a radar signal from altitudes where the in situ measured elec-
tron number density is zero. Here, we have to consider that
the radar signal is received from an atmospheric volume of
∼10 km in diameter (=the beam width) and 300 m in thick-
ness (=one radar range gate) whereas the rocket only yields
“point”-measurements (i.e., typical probe dimensions are 5–
10 cm). Hence, in the case that the electron number den-
sity is horizontally structured it can happen that the rocket
measurement observes a local spot with zero electron num-
ber density whereas the radar sees an average signal from
the entire probed volume where other patches with non-zero
electron number densities exist. Such horizontal structuring
in the electron number density could for example be created
by tilted ice particle layers that become charged by electron
capture and hence create tilted electron depletion layers, or
it could be due to Kelvin-Helmholtz structures also acting
on the charged ice particle layers (Gumbel, 2003). In spite
of this deﬁciency, rocket borne measurements of the electron
number density yield so far the best possible characterization
of the radar refractive index at these altitudes and are hence
a useful tool to test existing theories like it is done in the cur-
rent paper. In our case, this statement is certainly supported
by the overall good agreement between radar SNR and the
derived proﬁles of ˜ ηe and ˜ ηA. Nevertheless, we note that
a characterization of the horizontal structure of the electron
number density would be highly desirable for future PMSE
research.
In summary, the observed radar signal is directly reﬂected
in the small scale structure of both aerosol particles and elec-
trons. This result is consistent with the idea that the electron
ﬂuctuations are indeed a direct consequence of the perturba-
tions in the charged aerosol particle distribution (Cho et al.,
1992; Rapp and L¨ ubken, 2003).
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Fig. 5. Comparison of the radar signal to noise ratio, SNR, dur-
ing the sounding rocket ﬂight ECT02 (black line, lower abscissa)
and PSD(1Ne,λ/2) and PSD(1NA,λ/2) (red bars for charged
aerosol particles, blue bars for electrons, upper abscissa).
5 The spectral shape of electron and charged particle
ﬂuctuations in PMSE
5.1 Model estimate
In this section we consider the spectral shape of the ﬂuc-
tuations of aerosol particles and electrons that we expect
due to the theoretical ideas proposed by Rapp and L¨ ubken
(2003). The main idea is that neutral air turbulence initially
creates the small scale structures of the plasma species that
extend to scales much smaller than the smallest scales in
the neutral gas because of their reduced diffusivities. The
spectral shape of the power spectrum for such low diffusiv-
ity tracers was predicted by Batchelor (1959) and later con-
ﬁrmed by laboratory measurements (Gibson and Schwartz,
1963) and sophisticated direct numerical simulation methods
(Bogucki et al., 1997). According to Batchelor’s theory the
three dimensional power spectrum takes the following form
for spatial scales smaller than the Kolmogoroff-microscale
lK = (ν3/)
1
4:
0(k) =
2χ
k
r
ν

· exp

−2l2
Bk2

(3)
where χ is the rate at which ﬂuctuations of the tracer are dis-
sipated, kisthewavenumber, lB = (νD2/)
1
4 istheso-called
Batchelor-scale (where D is the diffusion coefﬁcient of the
tracer),  is the turbulent energy dissipation rate, and ν is the
Fig. 6. Power spectra of tracer variance according to Eq. (3) and
(7) for a turbulent energy dissipation rate =0.1 m2/s3, kinematic
viscosity ν=1.5 m2/s, an aerosol radius rA=10 nm, and different
times after active neutral air turbulence stopped (color coded).
kinematic viscosity of air. This expression yields the clas-
sical k−1-dependence for scales between the Kolmogorow-
microscale and the Batchelor-scale characterizing the so-
called viscous-convective subrange, and an exponential de-
cay for larger wavenumbers. For the comparison with spec-
tra derived from rocket measurements, however, the three di-
mensional power spectrum provided by Eq. (3) must be con-
verted to a one dimensional spectrum, i.e. measured along a
rocket trajectory. As explained in Bogucki et al. (1997) this
yields
0(k)1d =
2χ
k
r
ν

· exp

−2l2
Bk2

+
√
8πχ
r
ν

· lB · (erf(
√
2lBk) − 1) (4)
In Fig. 6 we show such a spectrum for ﬂuctuations of
chargedaerosolparticleswitharadiusof10nm, atypicaltur-
bulent energy dissipation rate =0.1m2/s3 and ν=1.5m2/s.
From the aerosol radius, the diffusion coefﬁcient of charged
particles can be roughly estimated as DA=ν/(6.5·r2
A) where
rA is given in nm (e.g. L¨ ubken et al., 1998). Now, we con-
sider how this spectral shape is expected to change when
the turbulent event stops and the ﬂuctuations decay. In or-
der to estimate the temporal behaviour of 0(k) we assume
that the ﬂuctuations change only because of diffusion. For
simplicity we also assume that both electrons and charged
aerosol particles decay with the diffusion coefﬁcient of the
aerosols DA (see Rapp and L¨ ubken, 2003, for a justiﬁca-
tion of this simpliﬁcation). Then, each Fourier-component
A(k,x)=˜ 0(k) · cos(k · x + φk) (where x is the spatial coor-
dinate, φk is a random phase and ˜ 0(k) is the power spectrum
at the time just before the active turbulence ceased) of the
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Fig. 7. Power spectra of electron number density (black lines) and particle charge number density ﬂuctuations (red lines) shown in the Figs. 3
and 4, respectively. Note that principally the data presented have been measured in the time rather than in the spatial domain. Wavenumbers
have been determined from measured frequencies f applying the relation k=2πf/vR where vR is the rocket velocity (∼800 m/s in our
cases). The inclined line represents a spectral slope of −1 and the vertical line marks the radar Bragg scale (=2.8 m).
spatial distribution of charged aerosols and electrons must
obey a diffusion equation, i.e.
∂A
∂t
= DA
∂2
∂x2A, (5)
which is solved by
A(k,x,t) = ˜ 0(k) · cos(k · x + φk) | {z }
A(k,x)
·e−DAk2t (6)
Note that this solution implies that during the diffusional de-
cay there is no transfer of power spectral density from one
Fourier mode to the other. This is evident from Eq. (6) which
shows that only the amplitude and not the wavenumber (or
wavelength) of A changes with time. Hence, the power spec-
trum is expected to vary like
0(k,t) = ˜ 0(k) · e−DAk2t (7)
In Fig. 6 we show an example for the decay of an initial
Batchelor-spectrum after Eqs. (4) and (7) for decay times be-
tween 1 and twenty minutes. Evidently, the general spectral
shape of the Batchelor spectrum is preserved, however, the
part of the spectrum showing a k−1 dependence shrinks in
favor of the steeper, exponentially decaying spectrum. Note
that the decay time of the spectral subrange with a slope of
−1 is directly proportional to DA which is proportional to
1/r2
A (see above). Hence, in the presence of rather large
aerosol particles, spectra of electrons and charged aerosol
particles may exhibit a subrange with a slope of −1 even a
considerable time after turbulence has ceased.
In summary, spectra of both electron number density and
particle charge number density ﬂuctuations should reveal a
viscous convective subrange with its characteristic spectral
slope of −1. Importantly, this should happen both in the case
of active as well as fossil turbulence provided that only dif-
fusion leads to the destruction of ﬂuctuations after the end
of active turbulence. In the next subsection we will investi-
gate if spectra determined from observed ﬂuctuations indeed
show this behaviour.
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5.2 Observed spectra
In Fig. 7 we show the power spectra of the electron and
charged particle ﬂuctuations shown in Figs. 3 and 4, respec-
tively. Note that we only consider data segments away from
the edges of the electron biteouts since the sharp edges oc-
curring there can signiﬁcantly inﬂuence the spectral shape –
see Alcala et al. (2001) for more details. These spectra show
several striking features: ﬁrst of all and most striking, the
spectra of electrons and charged aerosol particles are very
similar both regarding the shape and the absolute values of
observedpower spectral densities. Inaddition, in allthe three
cases where strong ﬂuctuations were observed, i.e. shown in
Figs. 7a, b, d, the spectra show indeed spectral ranges with a
slope very similar to ∼−1, indicating the presence of a vis-
cous convective subrange. The spectrashown in Fig. 7cshow
only white noise for wavenumbers larger than k=0.5 m−1 as
expected from the ﬂuctuations shown in Fig. 4a.
One cautionary note must be added here: due to the fact
thatthediffusionaldecayoftheplasmairregularitiesdoesnot
alterthegeneralspectralshape, itturnsoutthatitisnotpossi-
ble to judge about the state of turbulence, i.e. if it is active or
if only fossil remnants are observed, just from the observed
spectra. This requires an independent measurement, e.g. the
measurement of neutral air density ﬂuctuations with the ion-
ization gauge part of the CONE sensor. Unfortunately, these
observations can only be conducted when the CONE sen-
sor is in ram position during the downleg part of the rocket
trajectory (whereas all the observations presented here were
obtained on the upleg part of the rocket trajectory). As de-
scribed in L¨ ubken et al. (2002), the CONE sensor identiﬁed
turbulent activity at altitudes between 87.5 and 90.5 km and
between 92.5 and 93.5 km on the downleg part of the trajec-
tory. If we would assume that the turbulence is homogeneous
over the distance between upleg and downleg of the rocket
trajectory (horizontal distance ∼50 km), we could classify
the spectrum shown in Fig. 7a as “active” whereas the spec-
tra shown in the Figs. 7b and d would be “fossil”. How-
ever, since neutral air turbulence measurements in exactly the
same volume are not available we admit that these statements
must be considered with care.
6 Conclusions
We summarize our ﬁndings as follows:
1. Fluctuations of electrons and charged particles show a
prominent anticorrelation during most of the observed
particle layer where small scale ﬂuctuations are present.
Only at the lowermost altitudes the correlation turns
positive. See the recent investigation of Lie-Svendsen
et al. (2003) for a detailed discussion of such cases.
2. Comparing the power spectral density of these ﬂuctua-
tions at the Bragg scale with the observed radar signal
to noise proﬁle shows general agreement.
3. The observed spectra of both electrons and charged par-
ticles show an inertial-viscous subrange as theoretically
expected on the grounds of Batchelor (1959) and Rapp
and L¨ ubken (2003) for the cases of active and fossil tur-
bulence acting on low diffusivity tracers, respectively.
All these results are consistent with the theoretical ideas
by Rapp and L¨ ubken (2003) suggesting that PMSE can be
explained by a combination of active and fossil neutral air
turbulence acting on the large and heavy charged aerosol par-
ticles which are subsequently mirrored in the electron num-
ber density distribution that becomes visible to a VHF radar
when small scale ﬂuctuations are present.
However, further experimental and theoretical work
should be performed to corroborate (or falsify) this approach.
E.g. on the theoretical side, more sophisticated calculations
such as a direct numerical simulation of the physical pro-
cesses (like e.g. the approach by Hill et al., 1999) also after
the end of neutral air turbulence would be highly desirable.
Experimentally, an in situ experiment where ﬂuctuations of
electrons, charged particles, positive ions, and the neutral gas
are measured in the same volume could yield more precise
information allowing to classify observed plasma spectra as
evidence of “active” or “fossil” turbulence.
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